I N T R O D U C T I O N
The posterior thalamus is proposed to be an important region for the transmission of pain and thermal information, but debate about its anatomy, function, and input from the spinal cord remains. The posterior thalamus consists of several nuclei located caudal to the primary somatosensory nuclei [the ventral posterior lateral (VPL) and ventral posterior medial (VPM) are referred to as VP here]. It includes the posterior nucleus (Po), suprageniculate nucleus (Sg), limitans nucleus (L), and the magnocellular part of the medial geniculate nucleus (MGmc), all of which are sites of termination for spinothalamic tract (STT) axons (Apkarian and Hodge 1989; Boivie 1979; Craig 2004; Jones 2007; Mehler 1969 Mehler et al. 1960 Ralston and Ralston 1992; Willis and Coggeshall 2004) . The ventral posterior inferior nucleus (VPI), which we include in the term "posterior thalamus" for this report, also receives input from the STT, and it is located adjacent to the dorsal and rostral border of Po.
Single neurons within the primate posterior thalamus are activated by noxious mechanical and thermal stimuli (Apkarian and Shi 1994; Casey 1966; Craig et al. 1994; Perl and Whitlock 1961) . In several studies, the percentage of nociceptive neurons within the posterior thalamus has been found to be greater than in VP (Apkarian and Shi 1994; Guilbaud et al. 1977; Poggio and Mountcastle 1960) . In humans, low-amplitude stimulation within thalamic regions caudal and inferior to VP leads to the sensation of pain and temperature, and neurons in the same area exhibited responses to noxious mechanical and thermal stimuli (Lenz et al. 1993a,b; Ohara and Lenz 2003) . A nucleus within monkey and human posterior thalamus specific for pain and temperature information, the posterior part of the ventral medial nucleus (VMpo), has been proposed to be the major target of marginal zone STT terminals (Blomqvist et al. 2000; Craig 2004; Craig et al. 1994) . The proposal of this nucleus has generated controversy and renewed efforts to understand the role of the posterior thalamus in somatosensation (Craig 2004; Craig and Blomqvist 2002; Graziano and Jones 2004; Jones 2002 Jones , 2007 Willis et al. 2002) .
The relative contributions to the perception of pain and temperature by VP and the posterior thalamus are not clear. Recently, two reports (Kim et al. 2007; Montes et al. 2005) examined patients who have lesions of VP that spared the medial posterior thalamus where VMpo is thought to be located. The lesions were sufficient to produce poststroke central pain and cold dysesthesia, which was interpreted to indicate that some areas of posterior thalamus are not required for these disorders. Consistent with those conclusions, cool and mechanically responsive neurons have been found in primate VP (Bushnell et al. 1993; Kenshalo et al. 1980; Lee et al. 1999; Lenz and Dougherty 1998) . Also VPL has been identified as a projection target of cool responsive, nociceptive neurons from the rat marginal zone . These studies indicate that VP is a candidate region for cold and mechanical processing. However, stimulation of the posterior thalamus produced the perception of cold in humans, and neurons recorded in the posterior thalamus responded to cool stimuli , suggesting that cold may be processed in areas caudal to VP as well. Furthermore, responses to cooling were recorded from neurons in primate marginal zone with axons antidromically activated from VMpo (Dostrovsky and Craig 1996) . The distal target of those STT axons was not determined however, leaving open the possibility that they may have passed through posterior thalamus en route to VP (Willis et al. 2002) .
Recent retrograde tract tracing studies have shown that marginal zone STT neurons can be preferentially labeled from the posterior thalamus, whereas neurons located in the deep dorsal horn were preferentially labeled from injections in VP (Craig 2006; Craig and Zhang 2006) . Because many marginal zone neurons respond selectively to and encode the intensity of noxious mechanical and thermal stimuli (Christensen and Perl 1970; Craig et al. 2001; Ferrington et al. 1987; Hylden et al. 1986; Zhang et al. 2006) , the posterior thalamus may play a qualitatively different role in pain sensation from VP. Other studies in which tract tracing (Gauriau and Bernhard 2004a; Graziano and Jones 2004; Willis et al. 2001) or electrophysiological methods (Applebaum et al. 1979) were used have shown that marginal zone neurons project both to the posterior thalamus and to VP. Tracing studies lack functional assessment and electrophysiological studies have not specifically examined the population of spinal cord cells projecting to posterior thalamus in primates. Here we present findings on functionally characterized primate STT neurons with axons that terminated specifically within the posterior thalamus as revealed by the antidromic mapping technique.
M E T H O D S

Animal preparation
Macaca fascicularis between 2.5 and 10 kg were used in accordance with guidelines from the University of Minnesota. Monkeys were initially sedated with ketamine (10 mg/kg im), and then a catheter was placed in the median vein of the forelimb. Sodium pentobarbital (20 mg/ml) was given intravenously to produce a depth of anesthesia sufficient for intubation. Alpha chloralose (65 mg/kg iv) was administered, and then monkeys were placed on a feedbackcontrolled heating pad and fixed in a stereotaxic frame. A mixture of sodium pentobarbital (3-10 mg ⅐ kg Ϫ1 ⅐ h Ϫ1 ), gallamine triethiodide (Flaxedil; 5-14 mg ⅐ kg Ϫ1 ⅐ h Ϫ1 ), and saline was delivered intravenously continuously with a pump. A laminectomy was performed over the lumbar enlargement and a bilateral craniotomy (interaural 0 -20 mm rostral and from the midline to 15 mm lateral, bilaterally) exposed the cortex over both thalami. The dura was opened over the exposed areas of the brain and spinal cord. The spinal cord was covered with warm mineral oil, and the brain was covered with a mixture of mineral oil and petroleum jelly. Pneumothoraces were placed to reduce movement of the spinal cord. The monkey was artificially ventilated, and CO 2 was monitored continuously along with arterial blood pressure, heart rate, and body temperature.
Antidromic technique
To locate VPL, a low-impedance recording electrode was placed into the thalamus (initial coordinates: interaural: ϩ8.0 mm, midline: ϩ8.0 mm, depth from cortical surface: Ϫ18.0 mm) in search of neurons activated by tactile stimulation of the contralateral body. Once VPL was somatotopically mapped and its caudal boundary identified, the electrode was repositioned 2 mm caudal, 2-3 mm medial, and 1-2 mm ventral from the most caudal coordinates at which activity could be recorded from mechanical stimulation of the hindlimb. This location was presumed to be within the posterior thalamus. While the electrode remained in place, the headstage was removed and replaced by the cathode from a stimulus isolator; the anode was placed in contact with the animal, which had been grounded. A second electrode was placed in caudal VPL within the area representing the hindlimb. Once both stimulating electrodes were in place, a repeating square-wave pulse (search stimulus: 5 Hz, 200 s, 500 A) was simultaneously delivered through both electrodes allowing for the stimulation of a wide area of the posterior thalamus and caudal VPL. During the search stimulation, a stainless steel recording electrode (epoxylite insulated, ϳ10 M⍀) was inserted through a perforation in the pia-arachnoid into the dorsal horn of the spinal cord. The recording electrode was repositioned until an action potential was found meeting the criteria for antidromic activation: constant latency from the stimulation, ability to follow a Ͼ300-Hz train, and collision between an orthodromic and an antidromic action potential (Lipski 1981) . The stimulating electrode located within the hindlimb representation of VPL and the electrode within the posterior thalamus were then alternately switched off to determine which of the two electrodes provided the stimulus for the action potential recorded in the spinal cord. Often action potentials could be generated by both stimulating electrodes. In this situation, the more rostral VPL electrode typically generated action potentials with longer latency than the electrode located in the posterior thalamus, indicating that the axon passed through the posterior thalamus en route to VPL. Action potentials generated by the search stimulus in the posterior thalamus that could not initially be antidromically activated by the VPL electrode were investigated further by moving the VPL electrode medially and then laterally from the initial position in 500-m increments. At each new position, the stimulating electrode was lowered ventrally 400 m at a time while the recording was continuously monitored for the identified antidromic action potential. If no antidromic action potential could be generated within the plane, the electrode was moved 1 mm caudal, and a new mediolateral plane was stimulated as described. This procedure was repeated until an antidromic action potential was reliably established or, if none could be established even in caudal planes with the VPL electrode, then antidromic mapping was continued with the electrode in the posterior thalamus. Once an antidromically activated action potential was reliably established, the stimulus amplitude was then lowered to such a level that the action potentials were generated at a 50% success rate. This amplitude of current was recorded, and the electrode then repositioned to determine the current thresholds around the axon. The most rostral position at which antidromic action potentials could be generated by Յ30 A was named the low-threshold point (LTP). This amplitude has been demonstrated only to activate axons that are within 400 m of the tip of the stimulating electrode (Burstein et al. 1991; Dado et al. 1994; Ranck 1975; Zhang et al. 2000b) . Axons that were antidromically activated at LTPs within the posterior thalamus and that were surrounded in three dimensions by current pulses Ͼ500 A that were unable to generate antidromic action potentials were identified as posterior thalamus projecting STT neurons and functionally assessed.
Functional assessment
For each posterior thalamus projecting STT neuron, the receptive field location, size, and shape were determined using innocuous mechanical stimuli. Mechanical sensitivity was determined during brushing of the receptive field with a soft-bristled brush, pressure applied using an arterial clip, and pinch with a smaller, frankly painful arterial clip. Cells that did not respond to these mechanical stimuli were tested further with a more intense stimulus: squeezing the skin with forceps. Cells were classified as either high threshold (HT; those that did not respond to innocuous stimuli), or wide dynamic range (WDR; those that responded to both innocuous stimuli and, at higher frequencies, to more intense mechanical stimuli). Thermal stimuli were applied to the receptive field with a contact thermal probe (9 ϫ 9 mm surface area; Yale Instruments). Stimuli of 40, 45, and 50°C were applied at a rate of 3°C/s from a holding temperature of 30°C. Cold stimuli of 20, 15, 10, and 5°C were applied from a base temperature of 30°C. All thermal stimuli were held at the test temperature for 5 s. For some cells, only the 50°C stimulus was applied. Cells for which no response to 50°C was observed were tested with stronger heat stimuli Յ55°C. Subsequent trials were begun after Ͼ90 s and after activity returned to baseline levels. A cell was considered responsive if the mean firing rate changed Ն150% from baseline during the 5-s thermal stimulus. Baseline was calculated as the mean firing rate over 30 s during the holding temperature prior to the thermal stimulus. Finally, cells were tested for sensitivity to an intradermal injection of capsaicin (10 g in 10 l of 7% Tween-80 in normal saline) using a 28-gauge tuberculin syringe. Action potentials were collected for 1 min prior to the injection and then until 10 min had elapsed after the injection of capsaicin. Analog voltage recordings were amplified, filtered (10 -30,000 Hz), digitized at 33 kHz, and then wave-form discriminated and saved on a PC using DAPSYS software (www.dapsys.net).
Histology
At the end of the experiment, an electrolytic lesion was made at the LTP in the thalamus (15 A, 45 s) and at the recording point in the spinal cord (25 A, 20 s). Monkeys were perfused with 1 l of room temperature normal saline and then with 3 l of cold 10% formalin with 1% ferrocyanide to produce a Prussian blue reaction at the locations of the lesions. The brain and spinal cord were removed and placed in 10% formalin/1% ferrocyanide overnight and then blocked the next day. Sections were cut on a freezing microtome in 75-or 50-m sections for the brain and spinal cord, respectively. The tissue was stained in neutral red, and the sites of the lesions were identified. All thalamic nuclei were identified in histological sections by location, intensity of staining, size and orientation of cells, and the pattern of fibers passing through the area. The nomenclature for the macaque thalamus in this study was derived from Olszewski (1952) as modified by Hirai and Jones (1989) and Jones (2007) . The nuclei included in the posterior thalamus are the suprageniculate, limitans, Po, and the MGmc. We have additionally included cells in this study with axons that projected to VPI because STT neurons projecting to VPI have not previously been examined.
Data analyses
Stimulation grids were superimposed over traced representations of thalamic sections using the lesion marking the LTP as an anchor point and the distance between track marks and the track mark orientation as guides. Color contour plots of the minimum current amplitude required to produce antidromic action potentials at a 50% success rate at each grid point were generated with SigmaPlot v10.0 (Systat Software). Conduction velocity was estimated by dividing the distance between the stimulating electrode and the recording point by the latency of recording an action potential in the dorsal horn after stimulation in the thalamus (Zhang et al. 1999) . Receptive fields were drawn onto standard monkey hindlimb templates using vector graphics software (CorelDRAW Graphics Suite 12), and the number of pixels contained within the illustration of the receptive field was calculated to compare receptive field size. amplitude of current required for antidromic activation at each location within the grid of stimulation points. The LTPs in VPL and Sg were both surrounded in the mediolateral plane by stimulating points at which the current required for antidromic activation increased with the distance from the LTP until the axon could not be activated with 500 A. The recording site was located in the marginal zone of the dorsal horn (Fig. 1C) . The antidromic action potential had a longer latency from VPL than from Sg indicating the axon passed through posterior thalamus en route to VPL (Fig. 1D ). Antidromic stimulation with Յ30 A from either of the LTPs generated action potentials at the recording site that maintained a constant latency, followed a train of stimuli at Ͼ300 Hz, and could demonstrate collision between an antidromic and orthodromic spike (Fig. 1,  E and F) . Thirty-three neurons recorded over the course of this study were antidromically activated from VPL. Thirteen were recorded from the marginal zone, and five of these were classified HT. Twenty were recorded from deeper laminae, and five of these were classified HT. The mean conduction velocity of marginal zone and deeper cells was 28.0 Ϯ 11.6 and 34.2 Ϯ 7.4 m/s, respectively. Previous studies have shown a small projection of the STT to ventral lateral (VL) nucleus in cats (Jones and Burton 1974) and primates (Boivie 1979; Craig 2008) . In this study, we did not surround the rostral end of axons that were antidromically activated in VPL. Therefore it is possible that some axons antidromically activated within VPL continued rostrally into VL.
In contrast to the STT neurons that could be antidromically activated from VPL, 25 cells could only be activated within the posterior thalamus. Figure 2 illustrates an example of this type of STT neuron. The lesion marking the LTP (Fig. B1, 3) was located in Po, just medial to the dorsal part of the medial geniculate nucleus. The current required to activate the axon at the LTP was 15 A and increased as the distance from the LTP increased (Fig. 2B2) . One millimeter rostral to the plane of the LTP the axon could not be antidromically activated with current amplitudes Ն500 A (Fig. 2A, 1 and 2) . This neuron had a cutaneous receptive field over the shin of the left hindlimb (Fig. 2C) and was recorded in nucleus proprius (Fig.  2D) . The neuron was classified as a WDR type. Figure 2E demonstrates that an antidromic action potential occurred in the soma at a constant latency, followed a Ͼ300-Hz train and that an orthodromic action potential collided with an antidromic action potential. The latency for the antidromic action potential to reach the recording site was 7.6 ms (conduction velocity ϭ 30.7 m/s).
An example of a second posterior thalamus-projecting STT neuron, and its functional characterization, is shown in Fig. 3 . Antidromic thresholds in a combined horizontal and coronal view are indicated in Fig. 3A . Three parallel mediolateral rows were examined for stimulation sites that could produce antidromic action potentials. Two rostral rows passing through VPL are shown in the horizontal view. Within these rows, 500-A stimuli were unable to produce antidromic activation. However, within the most caudal row (interaural: ϩ6.7 mm) the axon could be activated. The lowest antidromic threshold within each mediolateral track is indicated (Fig. 3A ). An illustration of this caudal plane is shown in the coronal view with antidromic thresholds indicated at each stimulation point (Fig. 3A) . A photomicrograph of the coronal section from this caudal plane is shown in Fig. 3B with an arrow indicating the lesion at the LTP (21 A) within the Po. The cell did not respond to brushing the receptive field but did respond to more intense stimuli and was classified as an HT type neuron (Fig.  3C ). The receptive field is shown (Fig. 3D) . The cell was recorded from nucleus proprius (Fig. 3E ).
All STT neurons that projected to the posterior thalamus had a mechanically sensitive receptive field. These varied in size from a single toe to most of the hindlimb. Figure 4A shows the receptive field for posterior thalamus-projecting STT neurons grouped by mechanical sensitivity and the region of the dorsal horn where the recording site was lesioned. Receptive fields colored in black indicate that the cell was responsive to a 50°C heat stimulus. The mean size and SD of receptive fields in each of the different groups is shown in Fig. 4B .
Posterior thalamus-projecting STT neurons could be classified as HT (n ϭ 12) or WDR (n ϭ 13; Fig. 5 ). Both HT-and WDR-type cells significantly increased their firing rates when FIG. 3. Example of a functionally characterized STT neuron projecting directly to the Po. A, top: horizontal view of stimulating electrode penetration sites through the thalamus. The lowest amplitude of current that produced antidromic action potentials is indicated for each mediolateral position. The current amplitude of the LTP is circled (21 A). U, electrode penetrations that were unable to evoke antidromic action potentials with Ն500 A. Bottom: coronal view corresponding to the most caudal plane above. B: photomicrograph of the coronal plane shown in A with a lesion marking the LTP in Po. Scale bar ϭ 1.0 mm. C: characterization of the response to mechanical stimuli. B, brush; Pr, pressure; Pi, pinch; S, squeeze. This cell was classified as a high-threshold (HT) neuron. D: receptive field. E: recording point in nucleus proprius. FIG. 4. Receptive fields of STT neurons that projected directly to the posterior thalamus. A: receptive fields organized by mechanical classification and location of the recording site. MZ, marginal zone. black, neurons that responded to noxious heat (50°C). Receptive fields are not shown to scale. *, receptive field of neuron that responded to 52°C but not 50°C. B: size of receptive fields for each group (mean Ϯ SD).
the stimulus intensity was increased from pressure to pinch, suggesting that they can distinguish between innocuous and noxious mechanical stimuli. The mean spontaneous activity assessed before mechanical testing was not different for HT and WDR type neurons: 2.2 Hz Ϯ 0.1 and 2.2 Hz Ϯ 0.2 Hz, respectively.
Thirty-three percent (8/24) of posterior thalamus-projecting STT neurons were excited by a 5-s 50°C heat stimulus. An example of a response to 50°C and the mean of all eight responses are shown in Fig. 6A . Neurons that did not respond to 50°C were often tested further with heat Յ55°C but only 1/11 responded (Fig. 4A) . That particular neuron also responded to cool temperatures. Nine posterior thalamus-projecting STT neurons were tested with cooling stimuli and six responded. Five of these six also responded to heat Ն50°C. An example of a response to cold (10°C) and the mean response to cold is shown in Fig. 6B . The response of each thermally excitable neuron and the overall mean response to a range of stimulus temperatures are shown in Fig. 6 , C and D. These results indicate that some posterior thalamus-projecting STT neurons are capable of responding to thermal stimuli. However, discharge rates were typically low and graded changes in the thermal stimuli did not consistently elicit graded changes in the magnitude of responses.
Seventy-one percent (12/17) of posterior thalamus projecting STT neurons responded to an intradermal injection of capsaicin with a discharge Ն1.5 times baseline lasting Ͼ1 min. An example of a typical response is shown in Fig. 7A . The average response of the 12 STT neurons projecting to posterior thalamus that were responsive to capsaicin is shown in Fig. 7B . All neurons that responded to 50°C that were subsequently tested with capsaicin responded (4/4). Surprisingly, 67% (8/12) of neurons that responded to capsaicin did not respond to heat. The Mann-Whitney U test was used to determine whether groups of capsaicin-sensitive, posterior-thalamus-projecting STT neurons responded differently to capsaicin. Neurons that were not responsive to heat had a greater response to capsaicin than neurons that were heat sensitive ( Fig. 7C ; P Ͻ 0.001). Also, HT type neurons responded more vigorously to capsaicin than did WDR type neurons ( Fig. 7D ; P Ͻ 0.001).
The location of the termination zone of each posterior thalamus-projecting STT axon is shown in one of four anteriorposterior levels spanning ϳ3 mm (Fig. 8) . Axons projected to several nuclei of the posterior thalamus: Po (13), VPI (6), Sg (3), MG (1), MGmc (1), and L (1). The location of each LTP in the posterior thalamus is indicated along with the location of the cell of origin in the dorsal horn. Each axon projecting to VPI originated from a neuron located in the marginal zone. Other nuclei in posterior thalamus received input from the marginal zone as well as the deep dorsal horn. The projection target of each STT neuron and the class of mechanical sensitivity (WDR or HT) of the cell of origin is indicated (Fig. 8) . Termination zones of neurons that were responsive to a 50°C heat stimulus are shown. A large proportion of heat responsive neurons projected to or around VPI. These results indicate that the STT provides innocuous and noxious mechanical and thermal information to several nuclei of the posterior thalamus.
The average conduction velocity (mean Ϯ SD) of all 25 posterior thalamus-projecting STT neurons was 22.3 Ϯ 11.6 m/s. Marginal zone and deep neurons did not propagate at significantly different rates (marginal zone ϭ 19.2 Ϯ 9.7 m/s; deep ϭ 27.4 Ϯ 13.3 m/s) nor were conduction velocities dependent on the thalamic projection target (Po ϭ 25.2 Ϯ 12.8 m/s; VPI ϭ 20.6 Ϯ 12.6 m/s; Sg/l/MGmc ϭ 17.4 Ϯ 5.3 m/s). The mean conduction velocity of axons that projected to the posterior thalamus was significantly slower compared with axons that projected to VPL (31.7 Ϯ 9.7 m/s; P Ͻ 0.05).
Lesions marking the recording points in the dorsal horn are shown in Fig. 9 . Both WDR and HT type STT neurons projected to the posterior thalamus. Sixteen neurons in the marginal zone and eight neurons from the deeper laminae projected to several nuclei within the posterior thalamus.
D I S C U S S I O N
In this study, 25 STT neurons were identified that projected directly to the posterior thalamus in monkeys. These cells were characterized by responses to mechanical, thermal, and chemical stimuli. Sixteen of 25 neurons were recorded in the marginal zone, and the rest were located in the deep dorsal horn. Half of the total was classified as WDR and half as HT. One-third of STT neurons projecting to posterior thalamus responded to noxious heat (50°C). Two-thirds of those tested responded to cooling. Seventy-one percent of neurons responded to the noxious chemical capsaicin. Axons ending in the posterior thalamus were found to project mainly to the Po FIG. 5. Mean Ϯ SE responses to mechanical stimuli for high-threshold and wide-dynamic-range (WDR) type posterior thalamus-projecting STT neurons. Both HT and WDR type cells significantly increased their firing rates from pressure to pinch, suggesting that they can encode innocuous and noxious mechanical stimuli. One-way ANOVA with Tukey posttest (P Ͻ 0.05). WDR-Squeeze was not included in the statistical analysis because the number of tests was small (n ϭ 3).
and VPI. The Sg, MGmc, and the L received fewer projections. These data indicate that the primate STT transmits noxious and innocuous mechanical, thermal, and chemical information to multiple nuclei within the posterior thalamus.
To identify STT axons that project to the posterior thalamus, it is important to surround distal axon projections using antidromic mapping techniques because STT axons often pass through this region en route to rostral targets. Here we localized the axons of STT neurons in the posterior thalamus by using antidromic activation at low stimulus amplitudes (Ͻ30 A). The distal end of each axon was then surrounded by a large three-dimensional grid of stimulating points where 500-A stimulus pulses were unable to activate the neuron antidromically, indicating that the axon did not pass through the stimulated area. These methods allowed us to map the location of the termination zone for each axon that was antidromically activated from the posterior thalamus.
Although the focus of this study was on STT neurons that projected solely to the posterior thalamus, in several experiments, we observed that the same STT axon could sometimes be antidromically activated from VPL as well as from multiple locations within posterior thalamus. At some of those locations in the posterior thalamus, the latency was longer than the latency from VPL (unpublished observations). We could not achieve LTPs at these additional locations nor did we surround the locations with ineffective stimulating tracks to determine the endpoint of the axon, and therefore we did not include these neurons as part of the posterior thalamus population. However, the longer latency from posterior thalamus can be explained by the activation of a collateral branch off of a parent axon. Collateral branches might target posterior thalamic nuclei even though the parent axon continues rostrally to VPL. Consistent with this idea, double-labeling experiments have shown that as many as 10 -20% of STT axons branch and terminate in both medial and lateral thalamic nuclei (Applebaum et al. 1979; Craig et al. 1989; Giesler et al. 1981; Kevetter and Willis 1983) . A subpopulation of STT neurons that project to both the posterior thalamus as well as to VPL could contribute to nociceptive processing at both sites.
Previously we described STT neurons projecting directly to posterior thalamic nuclei in rats using similar antidromic mapping techniques (Zhang and Giesler 2005) . A majority of the rat STT neurons projecting to posterior thalamus were located in the marginal zone, a finding that is consistent with the present results in monkeys. Receptive fields in rats ranged from a single digit to most of the limb, a result that is also similar to present observations in monkeys. Seventy-seven percent of STT neurons projecting to the posterior thalamus were classified as HT in rat, and half were HT in monkey. In rats, the posterior triangular nucleus received the most projections from STT neurons followed by the medial geniculate, Po, posterior intralaminar nucleus, and suprageniculate. Monkey STT pro- jections to posterior thalamus were mostly to Po, followed by VPI, Sg, L, MG, and MGmc. The rat posterior triangular nucleus and the monkey Po share the position of having the highest proportion of STT input in the posterior thalamus, suggesting that they may possess overlapping functions. Interestingly, in the rat ϳ70% of neurons responded to noxious heat (Յ55°C); however, in monkeys, only 38% responded to noxious heat (Յ55°C). Also only 1 neuron of 13 tested in rats responded to cold stimuli, but 6 of 9 tested in monkey responded to cold. The differences between rodent and primate might reflect different roles of the posterior thalamus in thermal coding in these species.
The input to the posterior thalamus from the STT has been studied using degeneration (Boivie 1979; Mehler 1969; Mehler et al. 1960) , retrograde (Craig 2006; Craig and Zhang 2006; Willis et al. 2001) , and anterograde tracing methods (Apkarian and Hodge 1989; Beggs et al. 2003; Craig 2004; Gauriau and Bernard 2004a; Ralston and Ralston 1992; Stepneiwska et al. 2003) . Each method has confirmed that neurons of the dorsal horn send projections to the posterior thalamus. Craig and colleagues have recently advanced a hypothesis that marginal zone neurons preferentially target VMpo and that VPL receives input from neurons located within the deeper laminae (Craig 2006; Craig and Zhang 2006) . The present study confirms that the posterior thalamus receives a relatively high proportion of marginal zone projections. However, we also found that marginal zone neurons projected frequently to VPL consistent with earlier anatomic (Gauriau and Bernhard 2004a; Graziano and Jones 2004; Willis et al. 2001) and antidromic activation studies (Ferrington et al. 1987; Simone et al. 2004; Zhang et al. 2000a,b) . Poggio and Mountcastle (1960) first observed that more than half of the neurons in the posterior thalamus of cats could be activated by noxious mechanical stimulation. Nociceptive responses elicited by mechanical, thermal, and electrical stimuli from neurons in the posterior thalamus have since been observed in rats (Bordi and LeDoux 1994; Gauriau and Bernard 2004b; Guilbaud et al. 1980 ), cats (Benedek et al. 1997 Brinkhus and Carstens 1979; Calma 1965; Carstens and Yokota 1980; Curry 1972; Curry and Gordon 1972; Guilbaud et al. 1977; Matsumoto et al. 1988; Nyquist and Greenhoot 1974) , and monkeys (Casey 1966; Craig et al. 1994; Perl and Whitlock 1961; Whitlock and Perl 1961) . In humans, neurons recorded caudal to the principle somatosensory nuclei (presumably within the posterior thalamus) were found to be responsive to noxious mechanical and thermal stimuli, and electrical stimulation within the microampere range elicited thermal and pain sensations Lenz et al. 1993a,b; Ohara and Lenz 2003) . Our results show that several nuclei within the posterior thalamus receive direct projections from nociceptive and thermoreceptive spinal cord neurons and suggest that the STT makes an important contribution to the response properties of neurons in the posterior thalamus.
A nucleus specific for nociceptive and thermal input located within the primate posterior thalamus has been proposed (VMpo) (Blomqvist et al. 2000; Craig 2004; Craig et al. 1994) . VMpo was originally based on the location in the posterior thalamus of labeled axon terminations that ascended from the marginal zone (Craig et al. 1994) . Nearly all of the neurons that were recorded from the thalamic region where these terminations were found were reported to exhibit responses to noxious or cool stimuli (Craig et al. 1994) . VMpo was further defined by a discrete axonal plexus that was immunoreactive for the calcium binding protein calbindin (Blomqvist et al. 2000; Craig 2004; Craig et al. 1994 ). There are several reasons to be cautious about accepting the VMpo hypothesis (Graziano and Jones 2004; Jones 2007; Ralston 2003; Willis et al. 2002) . Studies differ on the extent and concentration of calbindin immunoreactivity in the posterior thalamus and whether fibers arising from the marginal zone are themselves immunoreactive for calbindin (Blomqvist et al. 2000; Craig 2004; Craig et al. 1994; Graziano and Jones 2004; Rausell et al. 1992; Stepneiwska et al. 2003) . Because VMpo is positioned within previously named nuclei (i.e., Po, suprageniculate, and VPM nucleus) to which spinothalamic and trigeminothalamic fibers have been shown to project, it is difficult to identify the borders of VMpo without the use of an aid such as the calbindin stain. Also the claim that VMpo is a specific pain relay nucleus is difficult to assess because the projections from VMpo to cortical or subcortical regions have not been specifically demonstrated. Additionally, a study examining STT neurons thought to project to and therefore contribute to the function of VMpo (Dostrovsky and Craig 1996) did not establish the distal projection targets of the antidromically activated axons. Therefore axons of passage may have been inadvertently stimulated (Willis et al. 2002) . The hypothesis that VMpo is necessary for the generation of poststroke central pain was recently examined and challenged (Kim et al. 2007; Montes et al. 2005) . Finally, the present data do not support the hypothesis of a direct marginal zone projection to a discrete nucleus located posteromedial to VP and ventral to the anterior pulvinar and center median nucleus. Our stimulating electrode penetrations passed through the area described as VMpo, and we have antidromically activated only a few axons that projected there. Instead marginal zone neurons in this study projected to several nuclei of the posterior thalamus, and these nuclei also received input from neurons located deeper within the dorsal horn. Additionally, many of the neurons projecting to the posterior thalamus were not nociceptive-specific (i.e., HT) or thermoreceptive, observations that are also inconsistent with the VMpo hypothesis. In this study, the VPI received the highest proportion of HT marginal zone input.
We observed cool responsive STT neurons that projected to the posterior thalamus. This is consistent with a study in which stimulation in human posterior thalamus evoked cold sensations, and neurons recorded from the same area were responsive to cooling the skin . Noxious heat processing has been hypothesized to take place within the posterior thalamus because lesions within VP failed to disrupt the sensation of noxious heat (Montes et al. 2005) . In this study, 1/3 of neurons projecting to posterior thalamus responded to noxious heat (50°C). These results support the hypothesis that some thermal processing occurs in the posterior thalamus. However, most of these neurons had low discharge rates to thermal stimuli and displayed a limited ability to discriminate between temperatures. In contrast, 77% (22/29) of STT neurons antidromically activated from VPL responded to noxious heat. In previous studies, STT neurons projecting to VPL often responded to graded temperatures with graded responses indicating that the neurons likely encode the intensity of thermal stimulation (Ferrington et al. 1987; Kenshalo et al. 1979; Willis et al. 1974) . Our data suggest that the STT provides different thermosensory information to the posterior thalamus and VPL.
A large proportion (71%) of STT neurons projecting to the posterior thalamus responded to an intradermal injection of capsaicin. All of the heat-responsive neurons tested responded to capsaicin, but surprisingly, 67% of neurons responsive to capsaicin did not respond to a Ն50°C heat stimulus. Furthermore, heat-insensitive STT neurons had a greater discharge to capsaicin than did the heat-responsive STT neurons. Ringkamp et al. (2001) described myelinated primary afferent fibers in monkeys that were powerfully activated by capsaicin but were insensitive to heat. TRPV1 is thought to be the primary molecular mechanism underlying responses to both capsaicin and heat (Caterina et al. 1997; Patapoutian 2003) . On the basis of recordings from excised patches of DRG, Nagy and Rang (1999) hypothesized that different molecular configurations of the TRPV1 channel could be selectively responsive to either heat or capsaicin. In addition, Lu et al. (2005) have found that one splice variant of the TRPV1 gene is activated by heat but not capsaicin, suggesting that different molecular configurations of TRPV1 channels confer selective sensitivity. Although the molecular mechanisms that produce capsaicin-sensitive cells unresponsive to heat are unknown, our results suggest that STT neurons that project to the posterior thalamus are capable of conveying chemical nociceptive information independently from information about noxious heat.
Responses in the posterior thalamus have been evoked by both somatosensory and auditory stimuli, sometimes in the same cell (Bordi and LeDoux 1994; Curry 1972; Poggio and Mountcastle 1960) . This is likely because of overlapping axon terminations in the posterior thalamus from cells in the spinal cord and the inferior colliculus (Jones and Burton 1974; LeDoux et al. 1987; Rockel et al. 1972) . These data suggest that a role of the posterior thalamus might be to process convergent sensory information from multiple systems. Indeed several studies have shown that the posterior thalamus is involved in fear conditioning, which is established by pairing an auditory tone with a noxious foot shock (LeDoux 2000; Shi and Davis 1999) . In rats, the posterior thalamus has been shown to project to the amygdala, a structure necessary for the acquisition of fear conditioning (Bordi and LeDoux 1994; Ledoux et al. 1990 ). The efferent pathways from the posterior thalamus also project to SII and to the insula (Burton and Jones 1976; Calma 1965; Friedman and Murray 1986; Stevens et al. 1993) . Recently electrophysiological and anatomical methods were combined to show that nociceptive neurons recorded in the posterior thalamus of rats projected to SII, whereas nonnociceptive neurons projected to the insula (Gauriau and Bernard 2004b) . The insula and SII are frequently activated in positron emission tomography and functional magnetic resonance imaging studies of responses of human cortical regions to noxious stimuli (Apkarain et al. 2005; Casey et al. 1994; Coghill et al. 1994; Treede et al. 2000) . These studies indicate that STT neurons projecting to the posterior thalamus provide information about noxious stimuli to supraspinal systems that are identified to be involved in the processing of pain.
The projection of the STT to the posterior thalamus arises from neurons in both the marginal zone and the deep dorsal horn and terminates within several nuclei including Po and VPI. In addition, both HT and WDR type neurons project to the posterior thalamus in primates. Our results indicate that the STT projection to the posterior thalamus is more complex than previously suggested. It will be interesting in future studies to explore the functional contributions of each of these posterior thalamic nuclei to cortical nociceptive processing. 
